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Th is  i n v e s t i g a t i o n  examines t h e  f e a s i b i l i t y  o f  us ing  heavy pe t ro leum crudes and 
r e s i d u a  as so lvents  i n  coal  l i q u e f a c t i o n .  The concept be ing  exp lo red  i s  t o  d e t e r -  
mine i f  coal  and heavy pe t ro leum crudes and res idua can be s imu l taneous ly  processed 
w i t h  mutual upgrading o f  bo th  mater ia ls .  
coworkersl-4 has examined t h e  l i q u e f a c t i o n  o f  coal  u s i n g  Athabasca o i l  sands 
bitumen, Lloydminster heavy o i l ,  Coker yas o i l  and Cold Lake bitumen. The e f f e c -  
t i v e n e s s  o f  these m a t e r i a l s  as hydrogen donor s o l v e n t s  and t h e i r  thermal s t a b i l i t y  
under l i q u e f a c t i o n  c o n d i t i o n s  was a l s o  examined. The e f f e c t s  o f  process parameters 
on t h e  produc t ion  o f  r e a c t i o n  products was a l s o  i n v e s t i g a t e d .  Other i n v e s t i y a t i o n s  
have been performed by Mochida and coworkers5 i n  which severa l  Coals were l i q u e f i e d  
i n  t h e  presence o f  a K h a f j i  vacuum residue. 
inc luded the  l i q u e f a c t i o n  o f  an A u s t r a l i a n  brown coal  i n  a prehydrogenated pe t ro leum 
p i t c h  and t h e  l i q u e f a c t i o n  o f  subbituminous coa ls  u s i n g  pyrene and var ious  Ashland 
p i t c h e s .  

Th is  study examines t h e  conversion o f  a bi tuminous coa l  t o  s o l u b l e  p roduc ts  through 
coprocessiny w i t h  s i x  heavy petroleum crudes and residua. These r e a c t i o n s  were 
performed thermal ly ,  i n  an i n e r t  and i n  a hydrogen atmosphere, and c a t a l y t i c a l l y  i n  
a hydroyen atmosphere. The petroleum m a t e r i a l s  used range f rom a whole crude t o  a 
v a r i e t y  o f  residua. Chemical and phys ica l  c h a r a c t e r i z a t i o n s  have been performed t o  
determine what f a c t o r s  a re  most i n f l u e n t i a l  i n  producing t h e  end product.  To 
determine t h e  s e n s i t i v i t y  o f  coprocessing t o  r e a c t i o n  c o n d i t i o n s  and t o  determine 
t h e  most op t ima l  parameters, an e v a l u a t i o n  o f  key r e a c t i o n  parameters has been 
performed. 

Previous work by Moschopedis and 

Other s t u d i e s  by Mochida6.7 have 

Exper imental  

Feedstock. S i x  petroleum crudes and residua, s u p p l i e d  by C i t i e s  Serv ice  Research 
and Development Company, have been examined f o r  p o t e n t i a l  use as s o l v e n t s  f o r  coa l  
l i q u e f a c t i o n  processing. 
The coa ls  used i n  t h i s  study are  a h i y h  v o l a t i l e  bi tuminous I l l i n o i s  #6 coal ,  a 
B l a c k s v i l l e  mine coa l  and a subbituminous coal ,  C l o v i s  P o i n t  f rom Wyoming. 

Screening Experiment. 
gen atmosphere and a hydroyen atmosphere. C a t a l y t i c  sc reen iny  exper iments w i t h  a 
hydrogen atmosphere were performed a t  4UU0 and 425OC. The equipment and r e a c t i o n  
c o n d i t i o n s  used i n  these experiments were: a 50 cc s t a i n l e s s  s t e e l  t u b i n g  bomb 
reac tor ,  r e a c t i o n  t i m e  o f  30 minutes, a y i t a t i o n  a t  8bU cpm, and a s o l v e n t  t o  c o a l  
r a t i o  o f  2 : l .  The r e a c t i o n  produc ts  were analyzed by a s o l v e n t  separa t ion  scheme i n  
which t h e  product i s  success ive ly  e x t r a c t e d  by pentane, benzene and methylene 
c h l o r i d e /  methanol. The l i q u i d  f r a c t i o n s  ob ta ined a r e  o i l  (pentane s o l u b l e s ) ,  as- 
phal tenes (benzene so lub le ,  pentane i n s o l u b l e s ) ,  and preasphal tenes (benzene i n s o l -  
ub le ,  methylene chlor ide/rnethanol  so lub les) ,  and i n s o l u b l e  o r y a n i c  mat te r .  The 
we iyh t  o f  gases produced was a l s o  determined. 

Parametr ic Evaluat ion.  
conversion a n d p r o d u c t  d i s t r i b u t i o n s  f rom combined process ing  were r e a c t i o n  temper- 
a tu re ,  i n i t i a l  hydrogen r e a c t i o n  pressure, r e a c t i o n  t i m e  and d i f f u s i o n a l  p a t h l e n y t h  
o f  the  c a t a l y s t .  
below: 

Ana lys is  o f  t h e  petroleum feeds tocks  are  g iven i n  Table 1. 

Screening experiments were performed a t  4U0°C us ing  a n i t r o -  

The r e a c t i o n  parameters eva lua ted  as t o  t h e i r  e f f e c t  on coal  

The r e a c t i o n  c o n d i t i o n s  f o r  these e v a l u a t i o n s  are  summarized 
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Reaction Condi t ions 

T i  me 
Tempe rat u r e  
Pressure 
A g i t a t i o n  Speed 
Coal 

Solvent 
Ca ta l ys t  

Temperature 

30 minutes 

1250 p s i g  HZ 
860 cpm 

3 y, I l l i n o i s  #6 o r  
3 y, B l a c k s v i l l e  
6 y. Maya Crude 

None 

---- 

Parameter 

Pressure 

30 minutes 
425OC ---- 
a60 cpm 

3 y, I l l i n o i s  #6 

6 y, Maya Crude 
1 y, P r e s u l f i d e d  

S h e l l  324 
NiMo/Al2u3 
powdered 

( f rom 1/32" 
ex t ruda tes )  

Time 

--- 
425'C 

1250 p s i y  
860 Cpm 

3 y, I l l i n o i s  #6 

6 y, Maya Crude 
3 c o n d i t i o n s  
were used: 

P r e s u l f i d e d  

NiMo/Al2O3 
1/16" ext rudates 

She l l  324 
NiMo/Al2O3 

( f r o m  1/16" 

a. None 

b. S h e l l  324 

c. P r e s u l f i d e d  

ex t ruda tes )  

The e f f e c t  o f  thermal and c a t a l y t i c  combined process iny on the r e a c t i o n  products  
from C lov i s  P o i n t  coal  was a l s o  evaluated. 

C h a r a c t e r i z a t i o n  o f  t h e  Petro leum Crudes and Residua. The pet ro leum crudes and 
res idua were c h a r a c t e r i z e d  by elemental ana lys i s ,  molecular  weight  by vapor phase 
osmometry i n  p y r i d i n e ,  v i s c o s i t y ,  Conradson Carbon, p ro ton  d i s t r i b u t i o n ,  and 
s p e c i f i c  g r a v i t y .  Table 1 presents  a composite o f  t h e  phys i ca l  and chemical 
c h a r a c t e r i s t i c s  o f  t h e  pet ro leum crudes and res idua.  

Resul ts  and D iscuss ion  

S i x  heavy pet ro leum crudes and res idua  have been used as so l ven ts  i n  a s e r i e s  o f  
coa l  l i q u e f a c t i o n  experiments t o  determine t h e i r  a b i l i t y  t o  l i q u e f y  coal .  
experiments were performed a t  4UOo and 425OC us ing  I l l i n o i s  #6 coal  and i n  th ree  
d i f f e r e n t  environments: 
H2 atmosphere u s i n g  a p e l l e t i z e d  p r e s u l f i d e d  NiMo/Al203 c a t a l y s t .  

Analyses o f  t h e  so l ven ts  us iny  a s o l u b i l i t y  e x t r a c t i o n  procedure developed f o r  coal 
m a t e r i a l s  showed t h a t  t he  pet ro leum crudes were between 4 0 %  t o  90% s o l u b l e  i n  
pentane and t h e  pentane i n s o l u b l e  m a t e r i a l s  were most ly  benzene so lub les ,  asphal- 
tenes.  The coal  de r i ved  so l ven t  CPUU-2UOA was -85% pentane s o l u b l e  w i t h  t h e  r e -  
mainder be ing asphal tenes.  The pet ro leum so lven ts  have hydrogen t o  carbon r a t i o s  o f  
-1.45 t o  1.65 and s u l f u r  contents  between 2.8% and 4.6%. 

The 

(1) a NE atmosphere, ( 2 )  a H2 atmosphere and ( 3 )  and 

L i q u e f a c t i o n  i n  a N i t r o y e n  Atmosphere. L i q u e f a c t i o n  experiments were performed i n  a 
hydrogen d e f i c i e n t ,  n i t r o y e n  atmosphere t o  determine how r e a d i l y  t h e  hydroyen-r ich 
pet ro leum so lven ts  cou ld  t r a n s f e r  hydrogen d i r e c t l y  t o  coal, thereby conver t i ng  coal 
t o  a so iuDie proauct .  Sne a b i i i t y  o f  t e t r a i i n  and coa i -de r i ved  CPDU-PUUA t o  conver t  
coal  was a l so  determined. 

Coal convers ion ob ta ined  us ing  t e t r a l i n  was 57.52, by CPDU-PUUA was 51.5%. and t h e  
most converted by a pe t ro leum crude was 36.0%. A t  40OoC, t h e  coa l  convers ion i n  the 
pet ro leum m a t e r i a l s  range from 28% t o  36%. These data i n d i c a t e  and t h e  proton 
d i s t r i b u t i o n  as determined p r o t o n  nuc lear  maynetic resonance (1HNMR) s u b s t a n t i a t e  
t h a t  the pet ro leum crudes and res idua  do no t  con ta in  hydrogen which can be e a s i l y  
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donated t o  coal. 
l i e  i n  the  a l k y l  6 and y reg ions.  I n  these experiments, t e t r a l i n ,  a known hydrogen 
donor, was t h e  only  so l ven t  t h a t  produced an i nc rease  i n  o i l s  above t h a t  present  i n  
t h e  o r i g i n a l  2 : l  so lven t / coa l  mix ture. .  I n  t h e  hydroyen d e f i c i e n t  atmosphere, donor 
hydroyen as present i n  hydroaromat ic  compounds, appears t o  be necessary f o r  both 
coal  Conversion and t h e  p roduc t i on  and maintenance o f  t he  o i l  f r a c t i o n .  S i m i l a r  
r e s u l t s  u s i n y  model hydroaromatic and a l i p h a t i c  so l ven ts  are present i n  t h e  
1 i t e r a t u r e  .8-9 

Compared t o  the o r i g i n a l  product  d i s t r i b u t i o n ,  t h e  r e a c t i o n  products  from t h e  
combined process ing l o s t  pentane so lub les.  A yeneral i nc rease  i n  t h e  asphal tene 
con ten t  o f  t he  product  l i q u i d s  was observed as compared w i t h  the o r i y i n a l  charye. 
I n  t h e  hydrogen d e f i c i e n t  environment, bo th  t h e  coal  and t h e  heavy pe t ro leum 
m a t e r i a l s  may undergo po lymer i za t i on  forminy c o k e - l i k e  m a t e r i a l  which appears as 
IOM. I n  a d d i t i o n ,  t h e  r e a c t i n y  coal  may inco rpo ra te  a s i g n i f i c a n t  p o r t i o n  of  t h e  
pet ro leum so lub le  m a t e r i a l  i n t o  t h e  coal  ma t r i x .  

I n  f a c t ,  t h e  m a j o r i t y  o f  t h e  protons i n  t h e  pet ro leum m a t e r i a l s  

-\ 
3 

N o n c a t a l y t i c  Experiments w i t h  a Hydroyen Atmosphere. 
p o s s i b l e  r e t r o y r e s s i v e  reac t i ons  o f  t he  pet ro leum m a t e r i a l s  and t h e  coal  assoc ia ted  
w i t h  the i n e r t  atmosphere, a hydrogen atmosphere was used. As w i t h  t h e  n i t r o g e n  
atmosphere, t e t r a l i n  conver ted t h e  most coal ,  y i e l d i n g  7 1 . 2 % ,  w h i l e  t h e  c o a l - d e r i v e d  
m a t e r i a l  CPDU-2OOA conver ted 56.8%. Compared t o  the  n i t r o y e n  atmosphere, 
s u b s t a n t i a l l y  more coal  was conver ted i n  the  hydrogen atmosphere w i t h  the  pet ro leum 
solvents .  The coal convers ion ranged from -43% t o  54% depending upon t h e  pet ro leum 
m a t e r i a l  used. The hydrogen atmosphere a l so  e i t h e r  mainta ined o r  i nc reased  the  o i l  
y i e l d  as compared t o  the  o r i y i n a l  charge. Three o f  t h e  l e s s  viscous l i g h t e r  
pet ro leum mate r ia l s ,  Maya Crude, West Texas TLR and Mayan TLR showed a p o s i t i v e  
i nc rease  i n  o i l ;  whereas, i n  n i t royen ,  each o f  these crudes showed a reduc t i on  i n  
o i l  con ten t  when compared t o  t h e  o r i g i n a l  so l ven t .  Kuwait res id ,  West Texas vacuum 
s h o r t  and West Texas TLR showed t h e  g rea tes t  o i l  p roduc t i on  improvement ( >  7%) when 
a hydrogen r a t h e r  than a n i t r o g e n  atmosphere was used. 

C a t a l y t i c  L i q u e f a c t i o n  Using a Hydrogen Atmosphere. The e f f e c t  o f  addiny a p resu l -  
f i d e d  NiMo/A1203 ex t ruda te  c a t a l y s t  on t h e  convers ion o f  coal  and on r e a c t i o n  
p roduc ts  has a lso been i n v e s t i y a t e d .  
425OC. For  a l l  t h e  so l ven ts  used, t h e  a d d i t i o n  o f  p r e s u l f i d e d  NiMo/AlzOg inc reased  
b o t h  o i l  p roduc t i on  and coal  conversion. I n  t h e  comp i la t i on  o f  data presented i n  
Table 2 ,  it i s  apparent t h a t  a t  4U0°C and 42S°C the  presence o f  t h e  NiMo/Alzu j  
hydroyenat ion c a t a l y s t  caused a s i y n i f i c a n t  improvement i n  t h e  o i l  y i e l d .  
improvement i s  observed i n  coal  conversion. I n  those cases where t h e  c a t a l y t i c  
r e a c t i o n s  were performed a t  both 4U0°C and 425OC, t h e  twen ty - f i ve  (25)  deyree r i s e  
i n  temperature seemed t o  be a secondary e f f e c t  on both coal  convers ion and o i l  y i e l d  
w i t h  the  poss ib le  excep t ion  o f  t h e  West Texas vacuum shor t  res id .  
vacuum shor t  res id ,  coal  convers ion seemed t o  be a f f e c t e d  by temperature bo th  i n  
c a t a l y t i c  and n o n c a t a l y t i c  reac t i ons  w i t h  hydroyen atmospheres. 
hydrogenat ion c a t a l y s t  can s i y n i f i c a n t l y  improve t h e  o i  1 p roduc t i on  and coa l  con- 
v e r s i o n  i n  combined process ing.  

To e l i m i n a t e  some o f  t h e  

1 

The reac t i ons  were performed a t  4UU°C and 

The same 

For  West Texas 

The a d d i t i o n  o f  a 

Chemical and Physica l  P roper t i es  o f  the Petroleum Crudes and Residua. Among t h e  s i x  
pet ro leum m a t e r i a l s  i n d i v i d u a l  d i f f e r e n c e s  a re  apparent i n  t h e i r  a b i l i t y  t o  conver t  
coa l  and produce pentane so lub le  ma te r ia l s .  A number o f  chemical and p h y s i c a l  
p r o p e r t i e s  o f  t h e  pet ro leum m a t e r i a l s  have been evaluated and are y iven i n  Table 1. 
A t y p i c a l  coal l i q u i d ,  CPDU-EOUA, i s  a l so  shown i n  Table 1 and has been used as a 
p o i n t  of comparison between the  coa l -de r i ved  and pet ro leum solvents .  

From these analyses, general comments can be made concerning the p r o p e r t i e s  of t h e  
pet ro leum solvents .  
compounds as evidenced by a l ack  o f  s o l u b i l i t y  o f  4 t o  -20% o f  t he  pet ro leum 
m a t e r i a l  i n  pentane and t h a t  much s o l u b i l i t y  i n  benzene. A l l  o f  t h e  pet ro leum 
s o l v e n t s  are hydrogen-r ich and h i g h  i n  s u l f u r  as compared t o  coa l -de r i ved  l i q u i d s .  

I 

Each pet ro leum crude and residuum conta ins l a r g e  aspha l ten i c  
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The t y p i c a l  hydroyen t o  carbon r a t i o  f o r  coa l -der ived  l i q u i d s  i s  l.U o r  l e s s ;  a l l  of 
t h e  pe t ro leum crudes and res idua used i n  t h i s  study have H/C r a t i o s  i n  t h e  range o f  
1.45 t o  1.65. The ash l e v e l s  i n  the  pe t ro leum crudes range from U.Ul2 w t  % f o r  West 
Texas vacuum shor t  r e s i d  t o  0.082 w t %  f o r  Mayan topper  l o n y  r e s i d .  Th is  low ash 
conten t  i s  i n s i y n i f i c a n t  i n  t h i s  work i n  terms o f  the  product d i s t r i b u t i o n  obtained 
a f t e r  coprocessing w i t h  coa l .  A l l  o f  t h e  petroleum so lvents  a re  h i g h l y  a l i p h a t i c ,  
hav iny  f a  va lues  between U.32 and 0.37. 
s o l v e n t s  show t h e  p r o t o n s  t o  be p r i m a r i l y  a l k y l  5 and y protons. Few hydroaromat ic 
p r o t o n s  are  present .  CPDU-ZOUA, by cont ras t ,  i s  q u i t e  aromat ic,  having a fa  value 
o f  0.71. A h i y h e r  percentage o f  c y c l i c  alpha protons are  present i n  t h e  CPDU-200A 
t h a n  i n  any o f  t h e  pe t ro leum m a t e r i a l s .  The aromat ic na ture  and t h e  presence o f  
some hydroaromat ics may account f o r  t h e  CPUU-2UUA's a b i l i t y  t o  conver t  more coal  
t h a n  do t h e  p e t r o l e u m  so lvents .  

i 

Proton d i s t r i b u t i o n s  o f  t h e  pe t ro leum 

Coal conversion i n  t h e  pe t ro leum so lvents  us ing  a hydrogen atmosphere a t  40U'C can 
be  c o r r e l a t e d  w i t h  t h e  v i s c o s i t y  o f  t h e  pe t ro leum m a t e r i a l  and w i t h  t h e  Conradson 
Carbon number. The h i g h l y  v iscous so lvents ,  Kuwait r e s i d  and West Texas vacuum 
s h o r t  r e s i d ,  g i v e  l e s s  coa l  conversion than do t h e  l e s s  v iscous pe t ro leum solvents.  
The petroleum s o l v e n t s  w i t h  lower Conradson Carbon numbers promote h i g h e r  coal  
conversion. A s i m i l a r  t r e n d  i s  observed w i t h  mo lecu la r  weight.  The pe t ro leum 
s o l v e n t s  w i t h  lower  mo lecu la r  weights,  L loydmins ter  reduced crude, West Texas TLR, 
Maya Crude and Mayan TLR, c o r r e l a t e  w i t h  inc reased coal  conversion. West Texas TLR 
wh ich  has t h e  lowest  Conradson Carbon and t h e  second lowest  mo lecu la r  we igh t  and 
v i s c o s i t y  g i v e s  t h e  h i g h e s t  coal  conversion o f  any o f  t h e  pe t ro leum s o l v e n t s  dur ing  
coprocessing. The a d d i t i o n  o f  a c a t a l y s t  changes t h e  order  o f  t h e  coal  conversion 
among t h e  s i x  pe t ro leum s o l v e n t s  and apparent ly  t h e  r e l a t i v e  importance o f  t h e  
s o l v e n t ' s  p r o p e r t i e s .  
s o l v e n t  p r o p e r t i e s  and coa l  conversion when a c a t a l y s t  i s  used. 

No obvious c o r r e l a t i o n s  e x i s t  between t h e  abovementioned 
/ 

Parametr ic E v a l u a t i o n .  The e f f e c t  o f  r e a c t i o n  c o n d i t i o n s  on combined coa l  and heavy 
r e s i d u a  process i  ny has been evaluated u s i n g  t h e  parameters o f  r e a c t i o n  temperature, 
i n i t i a l  hydroyen pressure,  r e a c t i o n  t i m e  and d i f f u s i o n a l  p a t h l e n y t h  o f  t h e  c a t a l y s t .  
F o r  these s t u d i e s ,  Maya Crude was used as t h e  so lvent .  Three coa ls  were used, 
I l l i n o i s  #6, B l a c k s v i l l e ,  and C l o v i s  Point ,  w i t h  I l l i n o i s  #6 coal  b e i n y  used f o r  t h e  
m a j o r i t y  o f  t h e  exper iments.  Solvent e x t r a c t i o n  o f  I l l i n o i s  #b a t  room temperature 
showed t h e  coa l  t o  be -90% i n s o l u b l e  a t  room temperature.  When reac ted  a t  425OC i n  
hydrogen i n  t h e  absence o f  a so lvent ,  -35% o f  I l l i n o i s  #6 cba l  was converted, 
p r i m a r i l y  t o  preasphal tenes. Under t h e  same cond i t ions ,  -46% o f  t h e  C l o v i s  Po in t  
was converted w i t h  a l l  s o l u b i l i t y  f r a c t i o n s  be ing  present.  The u p g r a d a b i l i t y  of t h e  
Maya Crude was a l s o  examined t o  determine i f  t h e  asphal tenes present  c o u l d  be 
upgraded t o  o i l .  A f t e r  thermal r e a c t i o n  t h e  Maya Crude d i d  n o t  change s u b s t a n t i v e l y  
a l t h o u y h  2.7% o f  t h e  produc t  was yas. 
c a t a l y t i c  hydrogenat ion  w i t h  a f u r t h e r  inc rease i n  gas produc t ion .  

E f f e c t  o f  Temperature on t h e  Product D i s t r i b u t i o n  from I l l i n o i s  #6 and B l a c k s v i l l e  
Coals. To determine the  e f f e c t  o f  r e a c t i o n  temperature on t h e  produc t  d i s t r i b u t i o n s  
f r o m  coprocessing, t h e  r e a c t i o n s  were performed a t  375O, 400°, 425O, 450' and 475OC. 
W i t h  i n c r e a s i n g  temperatures,  o i l  p roduc t ion  and h i g h e r  coal  convers ion  were 
observed f o r  bo th  c o a l s  up t o  a temperature o f  425OC where a maximun i n  o i l  y i e l d  
and a minimum of I O M  occurred. For bo th  coa ls ,  t h e  g r e a t e s t  coal  convers ion  was 
observed a t  425OC. A t  h i g h e r  temperatures, 450' - 475'C, h i y h e r  gas y i e l d s  and IOM 
yie lds  (!ok:c? coal convers ion)  a r e  observed f o r  'vutii coals .  Based on these data, a 
temperature o f  425OC was s e l e c t e d  f o r  combined processing. 

A 4% increase i n  o i l  was observed on 

\ 

. 
I 

E f f e c t  o f  I n i t i a l  Hydroyen Pressure on Coprocessiny. To determine t h e  s e n s i t i v i t y  
o f  combined p r o c e s s i n g  t o  i n i t i a l  hydroyen pressure,  t h e  i n i t i a l  hydrogen pressure 
was increased from U p s i g  t o  1500 psig.  A powdered She l l  324 NiMo/Al 03 was added 
t o  the  r e a c t i o n  m i x t u r e .  The products d i s t r i b u t i o n s  shown i n  F igure  f demonstrate 
t h e  need f o r  a hydroyen environment t o  conver t  coal  and s imu l taneous ly  t o  upgrade 
t h e  petroleum crudes. When no hydrogen i s  present,  o n l y  8.6% coal  convers ion  i s  
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observed. Compariny t h i s  conversion t o  t h a t  o f  t h e r m a l l y  reac ted  coa l  w i t h  no s o l -  
vent i n  a hydrogen atmosphere, t h e  hydroyen atmosphere inc reases  coa l  convers ion  by 
more than 20%. 
be underyoiny r e t r o y r e s s i v e  r e a c t i o n s  fo rminy  c o k e - l i k e  m a t e r i a l s  adding t o  t h e  IUM. 
A t  an i n i t i a l  hydrogen pressure o f  2SU ps ig,  t h e  pentane so lub les  produced were 
h i g h e r  than t h a t  i n  t h e  o r i g i n a l  m ix tu re ;  coa l  conversion was S2.5%, suyges t iny  t h a t  
even low l e v e l s  o f  hydrogen can be e f f e c t i v e  i n  reduc ing  t h e  number o f  r e t r o y r e s s i v e  
r e a c t i o n s  when s o l v e n t  and c a t a l y s t  a re  present t o  a i d  i n  the  t r a n s f e r  of hydroyen 
t o  Coal. A t  500 ps iy ,  the  coa l  convers ion  aya in  increased s i g n i f i c a n t l y  t o  78.7% 
w h i l e  t h e  pentane s o l u b l e  y i e l d s  inc reased t o  70.4%. As t h e  hydroyen pressure  was 
increased even f u r t h e r ,  coal  conversion cont inued t o  c l i m b  y i e l d i n g  86.9% a t  1500 
ps ly .  The o i l  produced a l s o  increased a t  1500 p s i y  t o  78.5%. Above SUO ps ig ,  t h e  
r a t e  of inc rease f o r  bo th  c o a l  convers ion  and pentane s o l u b l e  y i e l d s  was lower than 
between U and 500 ps iy .  

I n  a hydroyen d e f i c i e n t  atmosphere, t h e  pe t ro leum s o l v e n t  may a l s o  

E f f e c t  o f  Time and C a t a l y s t  D i f f u s i o n  Path length  on Product D i s t r i b u t i o n s  f rom t h e  
L i q u e f a c t i o n  o f  I l l i n o i s  #6 Coal. To determine t h e  e f f e c t  o f  t i m e  on combined 
processing, t h r e e  s e t s  o f  experiments were performed: (1 )  thermal  r e a c t i o n  w i t h  no 
c a t a l y s t  present,  (2) NiMo/A1203 p e l l e t i z e d  c a t a l y s t s ,  and (3)  NiMo/A1203 powdered 
c a t a l y s t s .  

A comparison o f  t h e  a b i l i t y  o f  Maya Crude t o  conver t  coal  under these t h r e e  
c o n d i t i o n s  i s  g iven  i n  F i g u r e  2. For a l l  t h r e e  cases, l o n g  r e a c t i o n  t ime,  90 
minutes,  inc reased coa l  convers ion  when compared t o  t h e  s h o r t e r  t i m e  exper iments.  
The use o f  powdered c a t a l y s t  inc reased t h e  amount o f  coal  convers ion  s u b s t a n t i a l l y  
compared t o  the  thermal and c a t a l y s t  p e l l e t  experiments. Th is  inc rease occur red  f o r  
a l l  r e a c t i o n  t imes. The coal  convers ion  i n  t h e  thermal and e x t r u d a t e  exper iments 
a r e  very  s i m i l a r  and are  about 20% l e s s  than t h e  powdered c a t a l y s t .  

Froin these experiments, i t  i s  apparent t h a t  t h e  l o n y e r  residence t i m e  t h e  coal  has 
i n  a hydrogen atmosphere t h e  more coal  w i l l  be converted. The use o f  d c a t a l y s t  
inc reases  the  a v a i l a b i l i t y  o f  t h e  hydrogen t o  t h e  coal  and increases  t h e  r a t e  o f  
coa l  d i s s o l u t i o n .  The use o f  a powdered c a t a l y s t  makes hydroyen more a v a i l a b l e  t o  
t h e  coa l  by p r o v i d i n y  contac t  between t h e  c a t a l y s t  p a r t i c l e s  and t h e  d i s s o l v i n y  coal  
mat r i x .  Th is  inc reased a v a i l a b i l i t y  i s  caused by decreasiny t h e  d i f f u s i o n a l  
p a t h l e n y t h  r e q u i r e d  f o r  t h e  coal  t o  t r a v e r s e  b e f o r e  cominy i n t o  c o n t a c t  w i t h  an 
a c t i v e  hydrogenat ion s i t e .  

Hydrogen consumption i n  t h e  thermal and i n  bo th  c a t a l y t i c  exper iments inc reased w i t h  
i n c r e a s i n g  t ime. 
more hydroyen than d i d  e i t h e r  t h e  experiments u s i n y  p e l l e t s  o r  no c a t a l y s t .  The hy- 
drogen consumption da ta  c o r r e l a t e  w i t h  t h e  y i e l d s  o f  pentane s o l u b l e s  produced under 
t h e  t h r e e  cond i t ions .  
exper iments than i n  t h e  e x t r u d a t e  exper iments which was more than t h e  thermal.  
d a t a  i s  presented i n  F i y u r e  3 which shows t h e  o i l  p roduc t ion  f rom t h e  t h r e e  cases as 
a percentage o f  t h e  upyradable m a t e r i a l  present i n  t h e  reac t ion ,  t h e  upgradable 
m a t e r i a l  be ing  d e f i n e d  as t h e  maf coal  and pe t ro leum asphal tenes present a t  t h e  
bey inn ing  o f  t h e  reac t ion .  The c a t a l y s t  o b v i o u s l y  a i d s  i n  o i l  p roduc t ion ,  w i t h  t h e  
powdered form y i e l d i n y  s i g n i f i c a n t l y  g r e a t e r  o i l  p r o d u c t i o n  than t h e  e x t r u d a t e  
p e l l e t s .  These data a re  a c l e a r  i n d i c a t i o n  o f  t h e  i n f l u e n c e  o f  pore  d i f f u s i o n a l  
r e s t r i c t i o n s  i n  l i m i t i n g  t h e  o i l  y i e l d  w i th  e x t r u d a t e  p e l l e t s .  

I l l i n o i s  #6 coal  was a l s o  l i q u e f i e d  i n  t e t r a l i n  w i t h  a powdered c a t a l y s t  f o r  30 
minutes.  The coal  conversion ob ta ined was 92.4% and t h e  o i l  p r o d u c t i o n  was 86.7%. 
Both t h e  coal  convers ion  and o i l  p r o d u c t i o n  are  h i y h e r  i n  t e t r a l i n  than i n  Maya 
Crude under e q u i v a l e n t  r e a c t i o n  c o n d i t i o n s .  The values ob ta ined from t h e  combined 
process iny  are  81.6% and 76.7%, r e s p e c t i v e l y .  Lonyer r e a c t i o n  t imes o f  90 minutes  
w i t h  Maya Crude produce h i g h e r  y i e l d s  of coa l  convers ion  and o i l ,  83.4% and 82.7%, 
r e s p e c t i v e l y .  

The coprocessiny exper iments u s i n g  t h e  powdered c a t a l y s t  consumed 

More pentane so lub les  were produced i n  t h e  powdered c a t a l y s t  
The 



The e f f e c t  o f  thermal  and c a t a l y t i c  combined process ing from C l o v i s  Po in t  coal  was 
a l so  evaluated.  The product  d i s t r i b u t i o n s  obta ined from 30 minutes o f  r e a c t i o n  are 
yiven i n  Table 4. The product  d i s t r i b u t i o n s  from C l o v i s  Point  coal  f r o m  the  th ree  
r e a c t i o n  c o n d i t i o n s  show s i m i l a r  t rends t o  those ob ta ined  f rom I l l i n o i s  #6 coal .  
O i l  p roduc t i on  and coa l  convers ion increased w i t h  c a t a l y t i c  t reatment ,  t h e  h i yhes t  
y i e l d s  be iny produced from t h e  powdered c a t a l y s t .  
coal  convers ion from C l o v i s  P o i n t  was s l i g h t l y  h i yhe r  than I l l i n o i s  #6 f o r  t h e  
thermal and p e l l e t i z e d  c a t a l y s t  case. O i l  p roduc t i on  from C l o v i s  Point  coal was 
c o n s i s t e n t l y  5 t o  6% h i y h e r  than I l l i n o i s  #6 coal .  

Summary and Conclus ions 

Petroleum crudes and res idua  and coal  have been coprocessed a t  t y p i c a l  l i q u e f a c t i o n  
cond i t i ons  i n  atmospheres o f  n i t r o g e n  and hydrogen and i n  t h e  presence o f  hydrogen 
and a c a t a l v s t .  A t  400'C coal  convers ion i n  a n i t r o u e n  atmosohere was low and a t  

For comparable r e a c t i o n  t imes, 

t h e  same level as t h e  thermal  coal  r e a c t i o n  w i t h  no ;olvent, i n d i c a t i n g  t h a t  no 
t r a n s f e r  o f  hydroyen from t h e  petroleum so lven ts  t o  t h e  coal occurred. Coal 
conversion i nc reased  i n  t h e  presence o f  hydrogen; f u r t h e r  increases i n  coal  
conversion were observed i n  t h e  presence o f  c a t a l y s t  a t  400'C and 425°C. 
dominant f a c t o r  o f  t h e  increased convers ion i n  t h e  m a j o r i t y  o f  t he  heavy petroleum 
m a t e r i a l s  was t h e  presence o f  t h e  c a t a l y s t  w i t h  the  25O temperature r i s e  be ing a 
secondary e f f e c t .  O i l  p roduc t i on  from combined process ing showed negat ive o r  l eve l  
y i e l d s  i n  t h e  N2 atmosphere, l e v e l  o r  s l i g h t l y  p o s i t i v e  y i e l d s  i n  the H2 atmosphere 
and f o r  most pet ro leum so lven ts  s i g n i f i c a n t  increases when a c a t a l y s t  and hydroyen 
were bo th  p resen t .  As i n  t h e  case o f  coal  conversion, the c a t a l y s t  appears t o  be 
t h e  dominant f a c t o r  i n  t h e  i nc rease  w i t h  temperature hav ing a secondary e f f e c t .  

The 

I n d i v i d u a l  d i f f e r e n c e s  amony the  petroleum so lven ts  a re  observed i n  t h e  product  
d i s t r i b u t i o n s  ob ta ined  from combined processing. Coal convers ion i n  t h e  ti2 
atmosphere appears t o  be c o r r e l a t e d  w i t h  v i s c o s i t y ,  molecular  weight and Conradson 
Carbon number o f  t h e  pet ro leum crude. These p a r t i c u l a r  so l ven t  c h a r a c t e r i s t i c s  do 
no t  seem as impor tan t  i n  coa l  convers ion when a c a t a l y s t  i s  present. 

The pa ramet r i c  e v a l u a t i o n  has shown t h a t  opt imal  c o n d i t i o n s  f o r  combined processiny 
are: 

Reac t ion  Temperature: 4 2 5 T  
Hydrogen Pressure: above 500 p s i g  i n i t i a l  hydrogen pressure 

0 Time: 90 minutes 
C a t a l y s t :  powdered hydrogenat ion c a t a l y s t  

Coal convers ion and o i l  p roduc t i on  from combined c a t a l y t i c  (powdered) process ing 
compare favo rab ly  w i t h  t h a t  from t e t r a l i n  w i t h  a powdered c a t a l y s t .  Comparison of 
t h e  f i n a l  o i l  y i e l d s  t o  t h e  i n i t i a l  charge shows t h a t  combined process ing y i e l d s  a 
ne t  o i l  i nc rease  o f  23.3% f o r  90 minute r e a c t i o n  w h i l e  t e t r a l i n  prov ides a ne t  o i l  
i nc rease  o f  17.7% f o r  30 minutes o f  reac t i on .  
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Table 4. Product D i s t r i b u t i o n  o f  C l o v i s  Po in t ,Coa l  Reacted i n  
Maya Crude Under Thermal and C a t a l y t l c  Cond i t ions  

~~~~~~ ~~ ~ 

Gas 5.7 5.7 

O i  1 68.4 75.0 

Asphal tenes 9.0 5.5 

Preasphal tenes  5.2 4.9 

I O M  11.7 8.9 

% Coal Conversion 62.3 71.6 

React ion Cond i t ions :  30 minutes, 1250 p s i g  i n i t i a l  
a g i t a t i o n  86U cpm, 425'C. 

4.9 

81.1 

5.1 

2.9 

6.0 

80.8 

H2 pressure,  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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Figure 1.. E f fec t  o f  I n i t i a l  Hydrogen Pressure  on Product 
D i s t r i b u t i o n s  from Combined Processing o f  
I l l i n o i s  16 and Maya Crude. 
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Figure 2 .  Effec t  o f  Time and C a t a l y s t  on 

Coal Conversion from Combined 
Processing o f  I l l i n o i s  nY6 Coal 
and Maya Crude. 
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F igu re  3. E f f e c t  o f  Time and C a t a l y s t  on 
Oil Produc t ion  f rom Combined 
Process ing o f  I l l i no i s  #6 Coal 
and Maya Crude. 
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